Background/Aims: Sonodynamic therapy (SDT), based on the synergistic effect of lowintensity ultrasound and sonosensitizer, is a potential approach for non-invasive treatment of cancers. In SDT, mitochondria played a crucial role in cell fate determination. However, mitochondrial activities and their response to SDT remain elusive. The purpose of this study was to examine the response of mitochondria to SDT in tumor cells. Methods: A human breast adenocarcinoma cell line -MCF-7 cells were subjected to 5-aminolevulinic acid (ALA)-SDT, with an average ultrasonic intensity of 0.25W/cm 2 . Mitochondrial dynamics and redox balance were examined by confocal immunofluorescence microscopy and western blot. The occurrence of mitophagy was determined by confocal immunofluorescence microscopy. Results: Our results showed that ALA-SDT could induce mitochondrial dysfunction through mitochondrial depolarization and fragmentation and lead to mitophagy. The Parkin-dependent signaling pathway was involved and promoted resistance to ALA-SDT induced cell death. Finally, excessive production of ROS was found to be necessary for the initiation of mitophagy. Conclusion: Taken together, we conclude that ROS produced by 5-ALA-SDT could initiate PINK1/Parkin-mediated mitophagy which may exert a protective effect against 5-ALA-SDTinduced cell death in MCF-7 cells.
Introduction
The search for cancer treatment over the past 100 years has uncovered several major therapies such as surgery, chemotherapy, and radiotherapy [1, 2] . Although each of these options has provided significant benefits to patients, their limitations, such as low therapeutic efficiency and severe side-effects, have driven the search for more effective therapies [1- Cellular Physiology and Biochemistry
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Song et al.: Mitophagy in Sonodynamic Therapy
Given the important role of mitophagy in mitochondrial quality control and cell homeostasis, we hypothesize that mitochondrial dysfunction occurs and mitophagy is involved in 5-ALA-SDT treated MCF-7 cells. We investigated the roles and the molecular mechanisms of mitophagy during this process. We demonstrated that PINK1-Parkin mediated mitophagy plays a protective role in preventing apoptosis and cell death and the upstream role of ROS accumulation in this process.
Materials and Methods
Reagents and antibodies
Paraformaldehyde, bovine serum albumin (BSA), N-acetylcysteine (NAC), Diphenyleneiodonium chloride (DAPI) were purchased from Sigma-Aldrich. Goat anti-rabbit IgG-horseradish peroxidase (HRP), goat anti-mouse IgG-HRP were from Thermo Fisher Scientific (Carlsbad, CA, USA). Anti-GAPDH, and anti-LC3 polyclonal antibody were obtained from Sigma-Aldrich. Antibodies for anti-caspase-3, anti-caspase-9 were purchased from Cell Signaling Technology (Santa Cruz, CA, USA). Human Lamp-2 antibody was purchased from R&D (Minneapolis, MN, USA). PINK1 antibody was purchased from Novus Biologicals (Littleton, CO, USA). Anti-Parkin antibody was from Abcam (Cambridge, UK), LC3B polyclonal antibody, MFN1 polyclonal antibody, Catalase polyclonal antibody, SOD2 polyclonal antibody, and FIS1 polyclonal antibody were purchased from Thermo Fisher Scientific. Immunofluorescent secondary anti-rabbit/mouse IgG was from Jackson Immuno Research (West Grove, PA, USA).
Cell culture and Sonodynamic therapy
The human breast adenocarcinoma cell line, MCF-7 cell line was purchased from Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Shanghai, China). MCF-7 cells were maintained in Dulbecco's modified Eagle's medium (DMEM, Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS, Life Technologies), 100 units/mL penicillin, and 100 μg/mL streptomycin. Cells were maintained at 37°C in a humidified chamber containing 95% air and 5% CO2. MCF-7 Cells at a confluence of 80% were digested with 0.25% trypsin for subculture. MCF-7 cells were divided randomly into four groups: (1) control, (2) ultrasound alone (ultrasound), (3) ALA alone, and (4) ALA plus ultrasound (SDT). 5-aminolevulinic acid (ALA) was obtained from Sigma (St Louis, MO, USA). It was dissolved in a PBS to a stock concentration of 1M and was stored in the dark at -20°C. ALA is a kind of classic agent belong to both sonosensitizers and photosensitizers. ALA can be converted to protoporphyrin IX (PpIX) within cells. ALA shows good tumor selectivity and could be used for tumor detection. For ALA-SDT treatment, ultrasound is needed to enhance the cytotoxic activities of ALA. For the ALA and ALA-SDT groups, the cells were incubated with 1mM ALA for a 4 h drug-loading time in DMEM medium supplemented with 10% FBS. After the treatment, the cells were cultured in fresh medium for further different hours (2h, 4h, 12h) and then prepared for different analyses.
Ultrasound System for SDT
The cells in the SDT groups were exposed to a 1.0 MHz flat ultrasound transducer with a diameter of 35mm at an average intensity of 0.25W/cm 2 , burst mode with a pulse repetition frequency of 100Hz and duty cycle of 10% was applied for 10 min. The transducer was driven by a function generator (AFG 3251, Tektronix Company, Oregon, USA) connected to a power amplifier (Model 500A250C, RF Microwave Instrumentation, Souderton, PA, USA). The culture dish with cells was put on the top of a wave guide, 6cm away from the transducer, filled with water to facilitate transmission of ultrasound. The schematic diagram of the experimental setup was shown in Fig. 1A . We monitored the temperature change of water during the experiment and the data was shown in Fig. 1B . The temperature changed little during the experiment. The ultrasonic spatial peak temporal average intensity and 3-D distribution were measured by hydrophone (Onda Corporation, Sunnyvale, CA, USA) as shown in Fig. 1C Cell viability assay Cell viability at different time points following ALA-SDT was determined using a Cell Counting Kit-8 (Sigma-Aldrich) according to the manufacturer's instructions. Briefly, Cells were plated at a density of 5000 cells per well in a 96-well plate and incubated in 100-μL culture medium for 24h. Cytotoxicity was determined by adding 10 μl CCK-8 reagent per well for 1 h at 37°C in 5% CO 2 . The absorbance of the treated samples against a blank control was measured at 450 nm as the detection wavelength. The viability of treated cells was determined by comparing to the untreated ones in the control group.
Apoptosis assay by flow cytometry
Cells were seeded at a density of 5× 10 5 cells in 6-cm dishes and incubated for 24h. Alexa Fluor 488 Annexin V/ Dead Cell Apoptosis Kit (Thermo Fisher Scientific) was used to measure cell apoptosis at the different time point following ALA-SDT according to the manufacturer's instructions. Cells were collected and incubated with 5 µL of the annexin V conjugate and 1 µL of the PI working solution at room temperature for 15 minutes. The cells were analyzed by FACS Calibur flow cytometer and BD Accuri C6 Software (BectonDickinson, USA). The flow cytometry excitation wavelength is 488nm, the annexin V fluorescence is detected with a passband filter with a wavelength of 515nm, and a filter with a wavelength greater than 560nm is used to detect PI.
Detection of mitochondrial membrane potential
Mitochondrial membrane potential was measured using JC-1(Sigma-Aldrich). Briefly, cells were stained with 2.5μM JC-1 in the dark at 37°C for 30min and then washed with FACS buffer. The data was analyzed by FACS Calibur flow cytometer and BD Accuri C6 Software (Becton-Dickinson, USA). Excitation and emission settings were 488nm and 515-545nm (FL1 channel) for JC-1 monomers, 488nm and 564-606nm (FL2 channel) for JC-1 aggregates respectively.
ATP production assay Cellular ATP production was measured by firefly luciferase-based ATP assay kit according to the manufacturer's instructions (Thermo Fisher Scientific). In brief, cells were lysed and centrifuged at 12000g for 5 min. 10μl of cell lysates were mixed with the 100μl ATP detection working solution in a 96-well white plate. The data was collected using BioTek Synergy Microplate Reader (BioTek Instruments Inc., Winooski, VT, USA). The protein concentration of cell lysates was determined by BCA assay kit. The data was evaluated by the ratio of cellular ATP level to the protein concentration. 
Determination of mitochondrial dynamics
CellLight Mitochondria-GFP (Thermo Fisher) were used to track mitochondria according to the manufacturer's instructions. Briefly, Cells were incubated with the reagent overnight and mitochondria-GFP behavior can be observed in live cells. After treatment with ALA-SDT, cells were visualized under laserscanning confocal microscopy with X63 objective (Nikon, Tokyo, Japan).
Immunofluorescence microscopy observation of mitophagy Mitophagy was determined by the co-localization of mitochondria with autophagosome and lysosomes following the standard guidelines [41] . 1× 10 5 cells were seeded per 35mm confocal dishes (SPL Life Sciences, Korea) and incubated for 24h. After treatment, cells were stained with 100nM MitoTracker Deep Red (Thermo Fisher) at 37°C for 15 min. Cells were then washed with PBS and fixed with 4% PFA for 15min at room temperature. The fixed cells were further incubated overnight using antibodies against autophagosome marker LC3 or Lamp2 followed by Alexa Fluor 488-or 594-conjugated secondary antibody. The antibodies were diluted with 5% bovine serum albumin (Sigma). Nuclei were stained with DAPI for 10min at room temperature. Samples were observed by laser-scanning confocal microscopy with X63 objective (Nikon, Tokyo, Japan). 20-30 cells per condition were captured. The number of mitochondria colocalized with LC3 or Lamp2 was quantified.
Cell lysis and Western blot analysis
To obtain cell lysates, the cells were washed with cold PBS and lysed for 10min on ice in a RIPA lysis buffer (50mM Tris-HCl, pH 7.4, 150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) containing protease inhibitor mixture (Roche, Basel, Switzerland) and phosphatase inhibitor mixture (Roche) after treatment. After quantification and denaturation, the complexes were loaded in 10% polyacrylamide gels and transferred onto polyvinylidene difluoride (PVDF) membranes. Membranes were then blocked with 5% milk diluted in PBS containing 0.05% Tween 20 (PBST) for 1 h and then immunoblotted at 4°C overnight with the specified primary antibodies. After washing in PBST for three washes of 10min, membranes were incubated with relevant secondary anti-rabbit/mouse IgG at room temperature for 1 h. The membranes were treated with ECL reagents (Bio-rad, USA) before being visualized using a FluoChem E Imager (Proteinsimple, USA). The density of protein band was quantified by Image J. GAPDH protein was used as an internal standard for SDi-quantification.
RNA interference
Small interfering RNA (siRNA) duplexes were purchased from Thermo Fisher. The sequences of the Parkin oligonucleotides were: 5'-GAAUACAUUCCCUACCUCAdTdT-3', 5'-GGCGCUAUUUGGCGCUUCAdTdT-3'. siRNA transfection was performed using Lipofectamine TM 2000 in accordance with the manufacturer's instructions. Briefly, 1× 10 5 cells were seeded per 35mm confocal dishes (SPL Life Sciences, Korea) and incubated for 24h. Cells were transfected with 20 μM synthesized siRNA targeting Parkin. The siRNA and Lipofectamine 2000 were separately diluted in serum-free DMEM and incubated for 5 min at room temperature. The two solutions were then gently mixed and incubated for 20 min, and then added to the cells. Inhibition of Parkin expression was observed 24h after transfection and the Parkin expression was analyzed by Western blot.
Determination of cellular and mitochondrial ROS production
Intracellular ROS production was measured using DCFH-DA(Sigma-Aldrich). Briefly, 10 mM DCFH-DA diluted with DMEM were added to MCF-7 cells at 37°C for 20 min. Cells were then washed with PBS three times. Labeled cells were trypsinized and analyzed by flow cytometry. MitoSOX (Invitrogen, USA) was used to determine mitochondria-derived reactive oxygen species (mROS) production following the manufacturer's instructions. Cells were incubated with 10μM of mitoSOX at 37°C for 20 min. After washing with PBS three times, labeled cells were visualized by laser-scanning confocal microscopy with X63 objective (Nikon, Tokyo, Japan) and analyzed using Nikon NIS-Elements software. 
Statistical analysis
Statistical analysis was performed with GraphPad Prism software. Image J, Photoshop CS, and Illustrator CS software were used for image processing following the general guidelines. All data, expressed as mean ± SD, were analyzed with a two-tailed student's t-test or by one-way ANOVA. P-values <0.05 were considered statistically significant.
Results
ALA-SDT induced cytotoxicity and apoptosis
To determine the cytotoxicity of ALA-SDT on MCF-7 cell lines, a CCK-8 assay was employed at different time points following SDT treatment. The results showed that either ALA alone or ultrasound alone groups could not induce obvious cytotoxicity, while ALA-SDT decreased cell viability of MCF-7 cells markedly by 25% and 32% at 4h and 12h following SDT, respectively ( Fig. 2A, p < 0.05) . We also investigated the effects of ALA-SDT on cell apoptosis. We found that ALA-SDT caused the apoptotic cell rate to increase to 10%,17% and 20% at 2h, 4h, and 12h following SDT respectively, compared to 3% in control group (Fig. 2B , p < 0.05). These data show that ALA-SDT inhibited cellular growth of MCF-7 cells in a time dependent manner. As a result, we selected 12h following ALA-SDT in the following experiments.
ALA-SDT causes mitochondrial depolarization and fragmentation
We then determined mitochondrial function, the main target of ALA-SDT treatment. As shown in Fig. 3A , ALA-SDT resulted in the aggregation of the JC-1 monomers from 17% of control cells to 59% in the SDT group indicating a significant decrease in mitochondrial membrane potential (p < 0.05). Meanwhile, ALA-SDT resulted in reduced production of ATP production from 11nmol/mg in control cells to 5.9nmol/mg in the SDT group (Fig. 3B , p < 0.05). To further study the effects of ALA-SDT on mitochondrial dynamics, images of mitochondrial morphology were taken and analyzed. Compared to control group, which contained long and tubular mitochondria, ALA-SDT group had increased punctate and short mitochondria and decreased tubular mitochondria ( Fig. 3C and 3D) . To determine the mechanisms by which ALA-SDT alters mitochondrial morphology in MCF-7 cells, we examined the expression of proteins that regulate mitochondrial fission and fusion. The results showed that ALA-SDT significantly decreased mitochondrial fusion protein (MFN1) Fig. 3E with quantification in Fig. 3F , p < 0.05). Conversely, the expression of mitochondrial fission protein Fis1 increased dramatically following ALA-SDT treatment. The expression of Opa1 remained the same following ALA-SDT treatment. Together, these results suggest that ALA-SDT induced mitochondrial dysfunction and subsequent mitochondrial fission and fragmentation.
Mitophagy increases in ALA-SDT treatment
Increasing evidence suggests that mitophagy, a process of removal of damaged mitochondria through autophagy, is critical for maintaining proper cellular function. Since ALA-SDT resulted in mitochondrial dysfunction, we then explored whether mitophagy was induced during the process. We used universal markers LC3 and Lamp2 to stain autophagic vacuoles and lysosomes respectively and analyzed the co-localization of mitochondria and these acidic organelles (autophagosomes and lysosomes) as indicated by yellow fluorescence. As shown in Fig. 4A and 4B, ALA-SDT stimulated the co-localization of mitochondria with autophagosomes, with no co-localization in the control group. Similar results were obtained in Fig. 4C and 4D , where ALA-SDT resulted in the colocalization of mitochondria and lysosomes but not in the control group. Together, these results suggest the occurrence of mitophagy following ALA-SDT treatment. 
Parkin-dependent signaling pathway involved in ALA-SDT induced mitophagy
Recent progress in mitophagy research has revealed that the PINK1-Parkin signaling is a key factor in mitophagy control. Hence, we then investigated whether the PINK1-Parkin signaling was involved in ALA-SDT-induced mitophagy. The results from the Western blot showed that ALA-SDT increased the expression level of PINK1, but not Parkin when compared to the control group (Fig. 5A with quantification in Fig. 5B, p < 0.05) . The localization of Parkin in MCF-7 cells was examined by immunofluorescent staining. We observed that in response to ALA-SDT, Parkin translocated significantly from cytoplasm to mitochondria in the peri-nuclear area when compared with the control (Fig. 5C with quantification in Fig.  5D ). Taken together, these results indicated that PINK1-Parkin are involved in ALA-SDT induced mitophagy.
Inhibition of mitophagy aggravated apoptosis and cell death induced by ALA-SDT
To further determine the role of PINK1-Parkin mediated mitophagy on ALA-SDTinduced cell death, we used siRNA to knock down the Parkin in MCF-7 cells. Fig. 6A and 6B showed that silencing Parkin reduced by 25% of its normal level at 24h after transfection. Moreover, Parkin knockdown reduced ALA-SDT induced co-localization of mitochondria with lysosomes ( Fig. 6C and 6D ). These data indicate that Parkin knockdown inhibited the occurrence of mitophagy. We then examined the effects of PINK1-Parkin-mediated mitophagy on ALA-SDT induced cell death. As shown in Fig. 6E , compared to mock, Parkin knockdown induced a significant cell death response to ALA-SDT (20%, p < 0.05, N = 5). Consistent with cell viability, Parkin siRNA increased the apoptosis rate markedly by 10% compared with the mock group (Fig. 6F) . These findings support a critical protective role of PINK1-Parkinmediated mitophagy in preventing ALA-SDT-induced cell death.
ROS contributed mitochondrial damage and subsequent mitophagy in ALA-SDT
We further investigated the upstream regulatory mechanisms leading to mitochondrial dysfunction and subsequent mitophagy. There is increasing evidence that oxidative stress is responsible for mitophagy. Thus, we tested whether intracellular ROS and mitochondrial ROS increased following ALA-SDT treatment by flow cytometry. As shown in Fig. 7A and 7B, total intracellular ROS were significantly increased in MCF-7 cells 12h following ALA-SDT treatment compared with the control group. Similar trends were observed in mitoSOX-based detection of mitochondrial ROS (Fig. 7C and 7D, p < 0.05, N = 3) . We also determined the expression of MnSOD and catalase by Western blot. Upon ALA-SDT treatment, the level of MnSOD was elevated, while little change of catalase was detected (Fig. 7E and 7F, p < 0.05,  N = 3) . To confirm the role of ROS in mitophagy in ALA-SDT, we treated MCF-7 cells with a ROS scavenger, N-acetyl-L-cysteine (NAC). Pretreatment with NAC showed a considerable blocking effect on the ALA-SDT-induced decrease of mitochondrial membrane potential (Fig.  7G, p < 0.05, N = 3) . Consistent with this finding, NAC elevated ATP production of ALA-SDT group compared with control group (Fig. 7H, p <0.05, N =3) . Moreover, the occurrence of mitophagy was almost completely inhibited by NAC. As shown in Fig. 7I and 7J, NAC pretreatment decreased the co-localization of mitochondria and lysosomes, which indicated a lower occurrence of mitophagy. These results demonstrated that the induction of ROS contributes to the initiation of mitophagy following ALA-SDT. 
Discussion
Mitochondria are fundamental regulators of cell function. Though cancer cells are relatively independent of mitochondrial oxidative pathways for ATP production, mitochondria still play a crucial role in regulating cellular homeostasis and cell death [43, 44] . Mitochondrial fission and fusion allow rapidly morphological changes in response to physiological and pathological conditions [45] [46] [47] . Dysfunction in mitochondrial dynamics is related to many neurodegenerative diseases, underpinning the role of fission and fusion in the maintenance of cellular homeostasis [46, 48, 49] . We observed that ALA-SDT could induce a decrease in mitochondrial membrane potential and ATP production, which means the initiation of mitochondrial dysfunction. ALA-SDT also triggers mitochondrial fragmentation mediated by mitochondrial fission. We observed the apparent morphology change of mitochondria from tubular mitochondrial network to punctate, fragmented mitochondria along with increased expression of mitochondrial fission protein FIS1, and decreased expression of mitochondrial fusion protein MFN1. Altogether, mitochondrial dysfunction was induced following ALA-SDT and lead to more fragmented mitochondria by fission. It is well acknowledged that mitophagy is an important protective mechanism for selectively removing damaged mitochondria and preserving mitochondrial quality to meet metabolic demands [30, 42] . Dysfunctional mitochondria can trigger the occurrence of mitophagy. The PINK1-parkin pathway is the most well-documented signaling pathway in controlling mitophagy. Mutations in PINK1 or Parkin cause mitochondrial dysfunction and are directly related to Parkinson's diseases [50, 51] . In our study, a significant increase in colocalization of mitochondria and autophagosomes/lysosomes, increased expression of PINK1, as well as the translocation of Parkin from the cytoplasm to mitochondria showed that ALA-SDT induced significant mitophagy in cultured MCF-7 cells, which was involved in the activation of the PINK1-Parkin signaling pathway. Thus, PINK1-Parkin pathway, by promoting mitophagy, plays a crucial role in preserving healthy mitochondrial population.
An intricate crosstalk has been reported to exist between mitophagy, apoptosis and cell death [52, 53] . Usually, mitophagy is supposed to play a protective role in response to mitochondrial injury, removing damaged mitochondria. However, under certain circumstances, excessive mitophagy may induce over-degradation of mitochondria and subsequent irreversible cell death -autophagic cell death [54, 55] . In our study, Parkin knockdown decreased cell viability and increased the ratio of cell apoptosis, suggesting the protective role of mitophagy in protecting cells under ALA-SDT treatment. This implies the uncovered role of mitophagy in modulating the sensitivity of tumor cells to SDT and that drugs targeting mitophagy might improve the efficiency of ALA-SDT.
A number of studies have indicated the role of ROS in pathological conditions and its initiation of apoptosis [56, 57] . Mitochondria are the main target of ROS and are also considered to be the major source of ROS within the cell [58, 59] . We demonstrated that ALA-SDT induced the significant accumulation of both cellular and mitochondrial ROS, as well as the increased expression of cellular and mitochondrial anti-oxidative proteins. This indicated an oxidant-antioxidant imbalance occurs following ALA-SDT. ROS have been reported to cause mitochondrial dysfunction and activate multiple signaling pathways to induce mitophagy. In the present study, we used a ROS inhibitor, NAC, to decrease the level of intracellular and mitochondrial ROS and investigate their role in mitophagy in ALA-SDT. The NAC treatment significantly inhibited the decrease of the mitochondrial membrane potential and ATP production induced by ALA-SDT. Simultaneously, mitophagy induced by ALA-SDT significantly decreased following the NAC treatment. These results suggest the accumulation of ROS induced by ALA-SDT is an important intracellular factor that contributes to triggering mitophagy.
In this study, we demonstrate that excessive intracellular ROS produced by ALA-SDT could induce mitochondrial dysfunction and lead to mitophagy. We also show that the PINK1-Parkin signaling pathway is involved in ALA-SDT-mediated mitophagy and plays a protective role in protecting mitochondrial functions and cell activities under oxidative stress (Fig. 8) . To our knowledge, the present study is the first to systemically investigate the role of mitophagy in the process of ALA-SDT mediated cell death. These findings may apply to sonodynamic therapy mediated by other sonosensitizers and targeting mitophagy may improve the therapeutic efficiency of ALA-SDT as it is further examined and confirmed in clinical studies. As a relatively new modality for cancer treatment, more work still needed to be done before SDT is acceptable as a kind of major method for cancer treatment. Future studies are necessary to clarify the role of PINK-Parkin mediated mitophagy under different doses of SDT. 
